The homeobox gene Lox3 is expressed in a segmentally iterated pattern within the endoderm of the leech Helobdella. We use that expression here to study endoderm differentiation following experimental ablations of mesoderm. Lox3 RNA was first detected by in situ hybridization at the stage when a definitive cellular endoderm is formed from its syncytial precursor and was never observed in derivatives of other germ layers. Expression is initially distributed throughout the endoderm, but rapidly disappears from specific regions of the nascent gut wall so as to produce a pattern of segmental stripes. The stripe pattern differs markedly between midgut organs, with thin stripes of Lox3 expression in the intercaecal constrictions of the crop and wide stripes of Lox3 expression marking the caecal bulges of the intestine. Lox3 expression in the rectum is not obviously segmental. Ablation of segmental mesoderm in the early Helobdella embryo prevents the formation of definitive endoderm and the expression of Lox3 RNA and leads to abnormalities in the morphogenesis of the gut tube. These endodermal deficits are precisely coextensive with the zone of mesodermal deficiency, suggesting that the mesoderm normally acts to promote the formation of the endodermal cell layer via local cell interactions. The segmental pattern of Lox3 expression is largely unaffected in portions of the endoderm surrounding such deficits, suggesting that endodermal segmentation is not established by lateral interactions within that tissue layer. Rather, we propose that the segmental organization of the endoderm is imprinted by vertical interactions with the segmental mesoderm. ᭧ 1997 Academic Press
INTRODUCTION
derm patterns the anteroposterior (AP) axis of the endoderm by secreting different signaling proteins at various locations along its length (Immerglü ck et al., 1990; Panganiban et al., An important issue in embryonic morphogenesis is the Affolter et al., 1993) . way in which cell layers from disparate parts of the embryo In this paper we investigate the role of mesoderm-to-enbecome apposed and undergo spatially coordinated patterns doderm signaling during endoderm formation in an annelid, of differentiation. This sort of spatial coordination can arise the glossiphoniid leech Helobdella triserialis. Both annelids either by a stereotyped assembly of already patterned cell and arthropods are segmented protostomes (Brusca and populations (Nardelli-Haefliger et al., 1994) or by inductive Brusca, 1990) and are known to use some of the same moleccell interactions between the two layers once apposition ular pathways during the AP patterning of the ectodermal has been accomplished (Jessell and Melton, 1992 ). An examand mesodermal germ layers (Wedeen and Weisblat, 1991 ; ple of the latter mechanism is the patterning of midgut Kourakis et al., 1997) . Endodermal patterning may also utiendoderm in the fruitfly Drosophila. The endoderm and lize similar developmental mechanisms in these two phyvisceral mesoderm of the fly embryo become apposed during letic groups. For instance, ablation of segmental mesoderm gastrulation, and subsequent to this apposition the mesoin the oligochaete annelid Eisenia prevents the apposed endoderm from developing its normal pattern of AP regionalization (Devriè s, 1974) , consistent with the sort of inductive
In Helobdella, embryogenesis consists in large part of a al. , 1990) , and has subsequently been renamed in accordance with the now widely used nomenclature for leech stereotyped cell lineage, with the D macromere 2 being the sole progenitor of the segmented mesoderm and ectoderm, homeobox genes (Wysocka-Diller et al., 1995) . The genomic organization and expression of Lox3 have been previously and the bulk of the endoderm arising from the other three macromeres 2 -Aٞ, Bٞ, and Cٞ. These endodermal macrostudied in a distantly related leech species, Hirudo medicinalis, in which the gene is represented by a polymorphic meres fuse during embryogenesis to form a syncytial midgut primordium (Browning, 1995) , and-as originally proposed locus containing three nearly identical homeoboxes (Wysocka-Diller et al., 1995) . The Hirudo Lox3 gene(s) is likeby Whitman (1878)-the definitive cellular endoderm arises several days later by cellularization of that syncytium wise expressed in the gut, although it is not known in which germ layer(s) its expression occurs. at its interface with the visceral layer of mesoderm (Nardelli-Haefliger and Shankland, 1993) . This definitive endoTo discover what if any role the visceral mesoderm plays in the differentiation of the leech's endoderm, we here emderm goes on to make the inner or luminal layer of the mature gut wall and the visceral mesoderm, the outer or ploy dye-sensitized photolesioning to ablate specific regions of the mesoderm in developing Helobdella embryos and coelomic layer.
The differentiation of the leech's midgut is both regionalexamine the fate of the endoderm in terms of both gut morphogenesis and Lox3 gene expression. The results indicate ized and segmentally periodic along the AP axis (NardelliHaefliger and Wysocka-Diller et al., 1995) .
that the local presence of mesoderm is essential for the formation of a definitive endodermal cell layer. Regional differentiation is evident in the formation of three discrete organs-the crop (or stomach), intestine, and rectum. In addition, the crop and intestine develop a segmentally iterated pattern of morphogenetic constrictions. In
MATERIALS AND METHODS
Helobdella the homeobox gene Lox10 is expressed in transverse stripes within the nascent endoderm, and the disposiAnimals tion of these stripes predicts the future sites of constriction H. triserialis embryos were obtained from a laboratory breeding (Nardelli-Haefliger and Shankland, 1993) . The detailed subcolony fed on pond snails. The embryonic staging system and cell segmental pattern of Lox10 expression differs between the lineage nomenclature are described by Stent et al. (1992). crop and the intestinal segments, further emphasizing the regionalization of the gut along the AP axis.
It is not known how the leech endoderm acquires these
Plasmid Constructs
AP patterns, but by analogy with Drosophila one could enSubclones of the lHtr-A2 recombinant clone (Wedeen et al., vision that much of the patterning information is provided 1990) were generated for this study (Fig. 1A) . A homeobox-conby the overlying mesoderm. In Helobdella, the cellular entaining 1.6-kb ApaLI/PstI restriction fragment of the clone was doderm does not form until relatively late in embryogeneblunt-ended by short treatment with Klenow polymerase in the sis, by which time the mesoderm already exhibits an overt absence of any deoxynuclotides (for 3-5 exonuclease activity) folpattern of morphological segmentation (Zackson, 1982) .
lowed by treatment with the same enzyme in the presence of all Moreover, studies of another glossiphoniid leech, Theromyfour deoxynucleotides (to allow 5-3 polymerase activity). The zon, indicate that the mesodermal somites have intrinsic
result was a blunt-ended fragment in which the PstI site had been segment identities from an early stage (Gleizer and Stent, chewed back and the ApaLI site was filled out. This fragment was subcloned into the SmaI site of Bluescript SK (/) plasmid (Stra-1993). The experimental accessibility of the glossiphoniid tagene) to generate the subclone, pA2-1.6(AP)/S/SK. A 0.9-kb PstIleeches makes them an excellent choice to study the develClaI fragment of this clone (in which the PstI site comes from the opmental interaction of these two germ layers, since mesoBluescript polylinker and the ClaI site comes from leech genomic dermal somites can be readily ablated (Torrence et al., 1989) DNA) was subcloned into conjugate sites of a Bluescript SK (/) or transplanted along the AP axis (Gleizer and Stent, 1993) .
vector, generating the subclone, pA2-0.9PC/SK. This subclone was
In this paper, we describe another homeobox gene (Lox3)
sequenced by the dideoxy termination method (Sequenase kit; USA that is also expressed segmentally within the Helobdella Biochemical) and found to contain coding and noncoding regions endoderm and use it as a molecular marker to study endo- (Fig. 1B) 
In Situ Hybridization
2 Leech macromeres are designated with primes to indicate the number of micromeres they have produced; i.e., the D macromere Whole H. triserialis embryos were subjected to in situ hybridization using digoxigenin-labeled RNA probes generated from Lox3 has produced a single micromere, whereas the Aٞ macromere has produced three micromeres (Bissen and Weisblat, 1989) . The microsubclone pA2-0.9PC/SK using the mMessage mMachine kit (Ambion) without capping. Antisense probes were generated with T7 meres generate the unsegmented head region and do not contribute to the definitive body wall or midgut in the segmented trunk.
RNA polymerase after linearizing the plasmid with PstI and include
FIG. 1. (A)
Restriction map of a 6.2-kb region oriented according to the putative 5-3 direction of transcription within the homeobox. Only restriction sites immediately flanking the homeobox are mapped; homeobox cross-hybridizing fragments were identified using a PCR-amplified Htr-A2 homeobox as probe on Nardelli-Haefliger and Shankland (1992) . Protease treatment was 1:200 dilution of rhodamine-conjugated donkey anti-mouse serum (Jackson Immunoresearch). After rinsing, embryos were cleared 30 min in length. Nucleic acid hybridization was detected with an alkaline phosphatase-conjugated anti-digoxigenin FAB fragment with 80% glycerol in HBS with 4% n-propyl gallate added to retard fluorescent bleaching. Cleared midguts were mounted in thin-(Boeringer Mannheim) which was reacted with NBT and X-phosphate to yield a blue-black precipitate. Control experiments were walled glass capillary tubes (Mark-Rö hrchen glaskappilaren; Charles Supper Co., Natick, MA) and rotated about the long axis performed as described in Nardelli-Haefliger and Shankland (1992) .
under a glycerol-immersion objective (Zeiss Plan-Neofluar 251/ 0.8). The distribution of fluorescein-labeled mesoderm and rhodamine-labeled nuclei was visualized on the confocal microscope in Lineage Tracing optical sections. To ascertain which germ layer expresses Lox3 RNA, the left M teloblast (blastomere of origin for the entire left-side mesoderm) was injected at embryonic stage 6-7 with a 50 mg/ml solution of 10-kDa fluorescent dextran-amine lineage tracer. Fluorescein-
RESULTS
dextran was obtained from Molecular Probes; rhodamine-dextran was synthesized by the method of Stuart et al. (1990) using a succin-
Molecular Analysis of Lox3-Htr
imidyl ester of tetramethylrhodamine (Molecular Probes). Injected embryos were raised to stage 9-10, fixed with 4% formaldehyde
The previously described Htr-A2 homeobox of H. triseri-(Polysciences; Ultrapure) in Hepes-buffered saline (HBS; pH 7.4), alis (Wedeen et al., 1990) Htr, to be refered to simply as Lox3 except when species distinctions are pertinent.
We here sequenced a 0.9-kb fragment of the Lox3 genomic Photoablation DNA (Fig. 1A) . This fragment includes a 639-bp ORF that unified designation. The vertebrate pdx-1 gene and leech nascent gut wall. This localized loss of RNA leaves an iterated pattern of Lox3 hybridization (Fig. 2D ) the spatial freLox3 genes have together been defined as forming a discrete quency of which is in register with the segmentation of ''Xlox'' family of homeoboxes (Bü rglin, 1994) . the overlying mesoderm. At the same time Lox3 RNA also begins to show a pronounced regionalization along the AP
Lox3 RNA Is Expressed in Developing Endoderm
axis of the gut, foreshadowing the differentiation of the digestive tract into discrete organs. This Lox3 staining pattern The expression of Lox3 RNA in Helobdella embryos was widens in an isometric fashion as the germinal plate exexamined by in situ hybridization with digoxigenin-labeled pands, suggesting that the nascent endodermal cell layer riboprobes (Fig. 2) . Prior to the appearance of a cellular endoestablished during early stage 9 also expands uniformly derm at embryonic stage 9, in situ hybridization failed to along the dorsoventral axis. reveal any Lox3 expression. Through the remainder of em-AP regionalization is first apparent near the end of stage bryonic development we observed intense Lox3 hybridiza-9, as evidenced by a higher level of Lox3 RNA accumulation tion restricted to the interface between the midgut primorin the four midbody segments that will eventually contain dium and the overlying germinal plate (Fig. 2C) , i.e., the the intestine (Fig. 2D ). During stage 10 each intestinal hemilocation of the definitive cellular endoderm. As the digessegment develops a broad band of intense Lox3 expression, tive tract matures, Lox3 RNA becomes restricted to specific and these bands are separated from one another by a narrow portions of the gut wall (Figs. 2D and 2E). We never observed line of reduced expression. The bands of intense expression cellular staining in the segmented mesoderm or ectoderm bulge outward into the coelom to form the lateral caeca of of the germinal plate ( Fig. 2C ), in the unsegmented prostothe mature intestine ( Fig. 2E ), while the intervening lines mium or foregut (cephalic domain), or in the transient extraof reduced expression correspond to the intercaecal conembryonic tissues.
strictions ( Fig. 2D ; see also Fig. 4A ). The intestine maintains The gut wall is composed of an outer layer of visceral a high level of Lox3 expression through embryonic stage 11 mesoderm that originates from the deep wall of the somite ( Fig. 2E ), the latest stage that was examined. and an inner layer of endodermal cells that arise from the The crop arises immediately anterior to the intestine, and midgut syncytium (Nardelli-Haefliger and Shankland, the six crop segments display a strikingly different pattern 1993). To determine which layer of the gut wall expresses of Lox3 regulation (Fig. 2D) . By early stage 10, Lox3 RNA Lox3 RNA, we performed in situ hybridization on embryos disappears from most of the crop endoderm. Within each of in which the left-side mesoderm had been labeled with a the six crop segments, expression becomes restricted to a rhodamine-dextran lineage tracer by prior injection of its transverse row of cells in the groove between adjacent caeca progenitor, the left M teloblast. Teloblast injection gives and two longitudinal cell rows, one situated at the dorsal intense and uniform labeling of the visceral mesoderm and edge of the germinal plate and the other situated immedipermits unambiguous visualization of the mesoderm:enately lateral to the ventral midline (Fig. 2D) , i.e., near the doderm boundary (Nardelli-Haefliger and .
edge of the segmental ganglia. Staining was typically reComparing the distribution of fluorescent dextran and hyduced in the anteriormost crop segment, probably due to bridization reaction product in double-labeled Helobdella the vestigial nature of the first crop caecum (Shankland et embryos indicates that Lox3 RNA is restricted to the endoal., 1992) . We never observed more than six crop caeca dedermal layer of the nascent gut wall (Fig. 3) , suggesting that fined by Lox3 expression at any developmental stage. endodermal expression accounts for all of the staining seen In contrast to the intestine, it is the zone of nonexpressing by whole-mount in situ hybridization.
cells that bulges outward to form a lateral caecum in the crop segments and the transverse row of Lox3-expressing cells that demarcates the site of intercaecal constriction Segmental Patterning of Lox3 Expression (Fig. 2E) . The overall level of Lox3 expression in the crop At stage 9, Lox3 hybridization was found in cells scattered fades dramatically over the course of embryonic stage 10 beneath the full width and nearly the entire length of the and is barely detectable by the end of embryonic life. germinal plate (Figs. 2A-2C ). Double-labeling with the The rectum forms posterior to the intestine, and its endo-DNA stain Hoechst revealed that the Lox3 RNA is concendermal cell layer displays a down-regulated pattern of Lox3 trated around individual nuclei within the endodermal cell expression similar that seen in the crop (Figs. 2B and 2E). layer (not shown), but it was not clear whether the nascent However, there was no obvious periodicity in the rectal endodermal cells have yet lost cytoplasmic continuity with pattern of Lox3 expression. This latter finding contrasts the underlying syncytium (Nardelli-Haefliger and Shankwith the segmentally patterned rectal expression of the holand, 1993) by the onset of Lox3 transcription. Hybridizameobox gene Lox10, a homologue of the Drosophila gene tion remained sparse near the ventral midline at all stages NK-2 (Nardelli-Haefliger and . examined.
Anterior Boundary of Lox3 Expression
As the germinal plate expands dorsally to engulf the yolky remnants of the midgut primordium during stages 9-10, The segmental location of the midgut changes as the leech embryo matures, and we used the robust and segmenLox3 RNA disappears from certain specific regions of the Lox3 RNA is more heavily expressed in the four segments of the intestine (in) than in the six segments of the crop (cr). The prospective rectum is not visible due to the curvature of the embryo, but exhibits a nonsegmental staining pattern the intensity of which is comparable to that crop. Within each crop hemisegment, Lox3 RNA has disappeared from a central zone that will eventually protrude laterally to form a caecum (see E), while the transverse stripes of Lox3-expressing cells correspond to the future site of intercaecal constrictions. The anterior pole of the yolk-filled midgut primordium is marked with an arrowhead, and the faint, anteriormost stripe of hybridizing cells is out of the plane of focus. (E) At the beginning of stage 11, Lox3 RNA is still heavily expressed in the four intestinal segments (in), but has almost completely disappeared from the crop (cr) and rectum (re). Note the formation of lateral caeca on both crop and intestine. In the crop, arrows mark the residual Lox3 expression in the nascent intercaecal constrictions. Bar, 150 mm in A, B, and D; 100 mm in C and E.
tally organized pattern of Lox3 expression to examine this restricted to the posterior two-thirds of the midbody region (Fig. 2E ) and the initially external foregut becomes internalprocess in more detail. The midgut primordium is initially in contact with the full length of the germinal plate. But as ized into the anterior midbody segments (Nardelli-Haefliger and . the spherical embryo elongates into a tubular juvenile worm (embryonic stages 9-10), the head region of the germinal Following the onset of expression, the segmental distribution of Lox3 RNA remains largely the same throughout all plate pulls away from the midgut. One consequence of this body elongation is that the differentiating midgut becomes stages examined. At stage 9 we observed a few hybridizing
FIG. 3. Lox3
RNA is restricted to the endodermal layer of the developing gut wall. Paired images taken from a thick transverse section of a stage 9 embryo in which Lox3 RNA was stained by in situ hybridization (A, seen with Nomarski optics) and the mesoderm labeled with rhodamine-dextran (B, seen in confocal optical section). The midline is to the left, and the lateral edge of the germinal plate is to the right. The fluorescently labeled mesoderm is separated into a somatic layer associated with the body wall (bw) and a visceral layer (vm) lining the midgut primordium. The blue-black hybridization reaction product is found in a separate endodermal cell layer (en) situated between the visceral mesoderm and the yolk platelets filling the gut lumen. Arrowheads mark the nuclei of three fluorescently labeled mesodermal cells that do not show detectable Lox3 expression. Bar, 10 mm.
cells in the anteriormost segments, scattered beneath the series of experiments in which one or more mesodermal somites were ablated early during the formation of the gerlateral edges of the germinal plate ( Fig. 2A) . However, it was only in more posterior segments that we observed large minal plate. To bring about these localized ablations, the entire left-side mesoderm was labeled with fluorescein-dexnumbers of hybridizing cells extending across the full width of the germinal plate ( Fig. 2A) . The scattered anterior cells tran by prior injection of its precursor blastomere (left M teloblast), and a dye-sensitized photolesion was produced 2 disappear as development proceeds, and by the beginning of stage 10 the anterior boundary of Lox3 expression is sharply days later by irradiating two or three contiguous labeled somites at the fluorescein excitation wavelength (Shankdefined at what will become the front end of the crop, i.e., the border of midbody ganglia 5 and 6. At this time the yolk land, 1984). This procedure leads to a small mesoderm-deficient zone on one side of the germinal plate, but does not mass still extends farther anteriorly, but there is no Lox3 expression in that more anterior region (Fig. 2D) . It is only alter the segmental organization of the mesoderm as a during the latter part of stage 10 that the residual yolk mass whole (Torrence et al., 1989) . Mesodermal lesions were gendeparts from the anterior midbody region and moves posteerated prior to the appearance of an obvious endodermal riorly into the lumen of the crop.
cell layer beneath the germinal plate and were targeted to These observations suggest that there is an anterior porthe future midbody region of the nascent AP axis. tion of the midgut primordium that does not contribute in
The effect of these mesodermal photolesions on endoany obvious fashion to the formation of the crop and that derm development was assessed by performing in situ hyshows only a small amount of transient Lox3 expression.
bridization with a Lox3 probe at embryonic stage 9 or 10, Lox10 RNA is also transiently expressed in a small number i.e., 3-4 days after the operation. Eight of the 35 irradiated endodermal cells located anterior to the AP domain of crop embryos had completely normal patterns of Lox3 expresformation (Nardelli-Haefliger and . This sion, but the other 27 displayed localized deficits of Lox3 loss of gene expression may reflect a degeneration of endoexpression in the target region (Fig. 4A ). Deficits were disdermal cells in the more anterior segments of the midbody, crete and sharply bounded, and usually (n Å 26) consisted or it could imply that endodermal cells located in this region of a two-to four-segment gap in the Lox3 expression pattern cease to express these two homeobox genes as they differenon the lesioned side. In the one remaining embryo, Lox3 tiate into more anterior gut organs. In Helobdella the crop RNA was completely missing from the posterior half of the is connected to the feeding apparatus by a short esophagus, midgut on the lesioned side, and in this case examination and it has not yet been established clearly whether the latter of the labeled mesoderm revealed that it also had developed organ is derived from foregut, midgut, or both.
abnormally throughout that same region. Lox3 expression was entirely normal-i.e., segmentally periodic and appro-
Ablation of Somites
priately regionalized-on the contralateral side of the lesioned embryos and in segments immediately anterior and To investigate what if any role the segmental mesoderm plays in the development of the endoderm, we performed a posterior to the lesions (Fig. 4A) . Thus, in most cases the
Role of Mesoderm in Endoderm Formation of Leech
of gut herniation, with yolk extruding from the midgut lumen into the coelomic cavity. Such herniations were especially pronounced for lesions of the crop, which swells dramatically during stage 10 when it receives an influx of yolk from both anterior and posterior portions of the alimentary canal. Four photolesioned embryos were stained with a nucleusspecific monoclonal antibody (Nelson and Weisblat, 1992) and examined in optical section to ascertain the cellular organization of the endoderm in regions where mesoderm had been ablated. We found that the endodermal layer of the gut wall was precisely coextensive with the surviving portion of the visceral mesoderm and was completely lack- In this embryo, a contiguous stretch of roughly three mesodermal somites was ablated at stage 8 by dye-sensitized photooxidation. At stage 10, the embryo has failed to express detectable Lox3 RNA in a region of the intestine that corresponds to the site of mesodermal deficit (brackets). The posteriormost segment of the crop (cr) is labeled on both sides, and the anteriormost segment of the intestine (int) is labeled on the unlesioned side. Note the normal pattern of Lox3 RNA in segments anterior and posterior to the lesion and on the unlesioned contralateral side of the embryo. (B) The left mesodermal teloblast was ablated at stage 6 in this specimen, resulting in a complete absence of mesodermal tissues on the embryo's left (viewer's right) side at stage 9. Lox3 RNA is completely missing from the mesoderm-deficient side and is expressed on the unlesioned side of the embryo in a narrow, segmentally organized pattern. Bars, 50 mm.
photolesioning of a small number of contiguous somites prevented the expression of Lox3 RNA by the underlying endoderm in a localized manner.
In many of the experimental embryos, residual fluorescein-dextran lineage tracer permitted us to ascertain how much mesodermal disruption was induced by the photolesion. The few experimental embryos with normal Lox3 expression also showed a normal pattern of fluorescein-labeled musculature and nephridia, indicating that the photo- (Fig. 5) . Thus, the a localized manner, suggesting that mesoderm is a source of short-range signals that are necessary for the normal demesoderm-deficient hemisegments lack a gut wall, which accounts for the herniation of gut contents at later stages.
velopment of the closely apposed endodermal cell layer. These findings suggest that mesoderm is required for the initial formation and/or subsequent survival of the defini-
Conserved Role of Xlox Gene Family in Gut
tive endodermal cell layer. Moreover, the precisely coextenDevelopment sive nature of the deficits in these two germ layers implies that the mesoderm exerts its influence on the endoderm Sequence analysis reveals that Lox3 is a member of the Xlox family of homeobox genes as defined by Bü rglin (1994) . via short-range or contact-mediated signals.
The other known member of this family is a vertebrate gene, pdx-1 (Offield et al., 1996) , which is expressed in the Hemilateral Ablation of Mesoderm pancreas and duodenum of frogs (Wright et al., 1988) , rodents (Ohlsson et al., 1993; Miller et al., 1994) , and humans In the course of these experiments we also generated some embryos in which the injected M teloblast ceased (Leonard et al., 1993) . The pdx-1 gene is necessary for normal morphogenesis and differentiation of these endodermal dividing normally, resulting in an absence of mesoderm on the left side of the germinal plate over a zone many segorgans (Jonsson et al., 1994; Offield et al., 1996) , and its protein product has also been shown to function as a tranments in length. Previous studies have shown that the germinal plate will continue to develop with mesoderm on scriptional activator for cell-type-specific terminal differentiation products such as insulin (Ohlsson et al., 1993) and only one side, and that none of the other cell lineages regulate to replace the missing mesodermal derivatives (Blair, somatostatin (Leonard et al., 1993; Miller et al., 1994) . The phylogenetic distance between vertebrates and leeches is so 1982).
Three such embryos were successfully raised to stage 9 great that one cannot assume any direct homology in the way the Xlox genes are utilized, but the embryonic expresand subjected to in situ hybridization with the Lox3 probe. On the unoperated right side these hemilaterally lesioned sion pattern of Lox3 in leeches is clearly also suggestive of an early role in gut development. Indeed, the fact that Xlox embryos manifested many normal features of Lox3 expression. Lox3 RNA was evident beneath most of the length of gene expression is completely restricted to endoderm in both a protostome (leech) and a deuterostome (vertebrate) the germinal plate, and the pattern of expression was clearly segmental (Fig. 4B ). In one embryo the level of Lox3 expreswould seem to indicate an ancient role in the gut development of bilaterian animals, similar in principle to the consion was more intense in a domain of four segments corresponding to the normal location of the intestine. However, served role of the Hox gene family in patterning the ectodermal and mesodermal germ layers of those same animals development of the unoperated side was not entirely normal, as neither the germinal plate nor the endoderm-as (McGinnis and Krumlauf, 1992) . The Lox3 gene has also been characterized from the leech judged by the Lox3 expression pattern-had undergone the dorsal expansion normally seen at this age.
H. medicinalis, in which it is represented by a polymorphic cluster of three homeoboxes spaced within 5 kb of genomic On the mesoderm-deficient left side of the lesioned embryos, the midgut primordium had completely separated DNA (Wysocka-Diller et al., 1995) . It is not known whether these Hirudo homeoboxes represent separate transcription from the ectoderm and collapsed inward-reminiscent of the concavities seen with more restricted ablations-and units or alternate exons of a single gene. In either case, the extremely high degree of nucleotide identity between the there was no detectable expression of Lox3 RNA (Fig. 4B) . Thus, complete hemilateral ablation of the mesoderm Lox3 homeoboxes of Hirudo suggests that they are paralogous sequences arising from an evolutionarily recent secauses severe hemilateral abnormalities in gut morphogenesis and gene expression, similar in character to the localized quence duplication(s). It seems clear from sequence analysis that the Lox3 duplications seen in Hirudo occurred after abnormalities observed with somite ablations. the phyletic separation of hirudinid and glossiphoniid leeches, but we have not yet explicitly ruled out the possibility that Helobdella might also have more than one Lox3
DISCUSSION
homeobox. The homeobox gene Lox3 is expressed in the endodermal cell layer of the Helobdella embryo in a pattern that is
Spatial Patterning of Lox3 Expression
segmentally periodic and regionalized along the AP axis. The periodicity of Lox3 expression correlates with the locaAt the onset of expression Lox3 RNA appears to be a generalized marker of cellular endoderm, but its widespread tion of intersegmental constrictions between midgut caeca, and the differences between segments presage the subdiviearly expression is soon replaced by an intricate pattern that is both segmentally periodic and regionalized along the AP sion of the midgut into its three constituent organs. Ablation of the segmental mesoderm interferes with endoderm axis. The disappearance of Lox3 RNA from certain parts of the nascent gut wall very likely reflects a developmental formation, Lox3 expression, and gut tube morphogenesis in change in gene regulation on the part of endodermal cells located at those positions. However, we cannot exclude the possibility that loss of expression within certain parts of the continually expanding endodermal cell layer might also occur in part by cell sorting or by a delayed insertion of additional, nonexpressing endodermal cells from the underlying midgut syncytium.
It is the secondary loss of Lox3 RNA that generates the segmental periodicity of gene expression in the crop and intestine. In the six crop segments, Lox3 RNA disappears specifically from those regions of the gut wall that will bulge outward during later stages to form the segmental caeca, while cells situated along the grooves between caeca continue to express high levels of Lox3 RNA for at least 2 more days thereafter. In contrast, the intestine shows an essentially inverted pattern of Lox3 regulation, with Lox3 RNA becoming less prevalent in the intercaecal constric- tine as morphologically and functionally discrete organs.
Another homeobox gene, Lox10, has also been shown to have a segmentally organized expression within the endoderm of the Helobdella midgut (Nardelli-Haefliger and intestinal segments of Hirudo also show broad bands of . Lox10 differs from Lox3 in that it does Lox3 expression, although their hybridization level is relanot appear to have an initial phase of uniform expression, tively faint compared to the transverse stripes in the crop and its RNA is restricted in all organs at all stages to sites (see Fig. 5B in Wysocka-Diller et al., 1995 Our results indicate that segmental mesoderm plays a necessary role in the development of the definitive cellular site at which Lox3 accumulation is clearly reduced. And in the crop segments, the appearance of Lox10 RNA in the endoderm of the Helobdella embryo. Experimentally generated gaps in the mesoderm lead to precisely corresponding intercaecal grooves is delayed (relative to the intestine) until late stage 10, a time when the level of Lox3 RNA within deficits in the definitive endoderm, suggesting that the mesoderm provides cues necessary for the formation or surthose grooves is in decline. These seemingly coordinated changes in gene regulation could reflect parallel responses vival of this cell layer, and that these cues only act over a short distance. The mature gut wall fails to form in the of the endodermal cells to position-specific extrinsic signals, but might also be explained if there were a direct inhiblocal absence of mesoderm, leaving the syncytial yolk mass of the midgut primordium exposed to the coelomic cavity itory interaction between the Lox3 and the Lox10 genes within the cells that express them. (Fig. 5A ). Given its proximity to the endoderm, it is the visceral layer of mesoderm that would seem the most likely The overall pattern of Lox3 expression in the Hirudo midgut (Wysocka-Diller et al., 1995) is in many respects similar source of the inductive cues, although this point was not specifically addressed in the experiments described here. to that described here for Helobdella. The most prominent expression is in transverse stripes that demarcate the conThe observed deficits in endodermal development could reflect a disruption in one or more cellular events that lead strictions between crop caeca, although it has not been explicitly shown whether Lox3 expression in Hirudo is endoto the formation or maintenance of the endodermal germ layer (Fig. 6 ). In the leech, cellular endoderm arises late dermal, mesodermal, or both. As with Helobdella, the four in embryogenesis by the cellularization of a multinucleate
Mesoderm-Endoderm Interactions in Other Phyla
syncytium (Whitman, 1878; Nardelli-Haefliger and Shank- Inductive interactions between mesoderm and endoderm land, 1993). We here photolesioned somites prior to the have been reported in diverse animal species. In vertebrates, stage when the definitive endodermal cell layer first bedifferentiation of the endodermal epithelium is specified by comes apparent. One could imagine that the mesoderminteractions with the associated mesenchyme (Haffen et al., derived signals might be necessary for the accumulation 1983; Kedinger et al., 1986) , but the endodermal primordia of syncytial nuclei beneath the germinal plate or for the are also believed to be a source for cues that bring about ''budding'' of syncytial nuclei to form mononucleate endomesoderm differentiation (Kedinger et al., 1986) , regionaldermal cells (Fig. 6) . We must also entertain the possibility ization (Roberts et al., 1995) , and heart induction (Nascone that cellular endoderm was actually formed in these experiand Mercola, 1995) . Bidirectional signaling also occurs in the Drosophila embryo, in which the visceral mesoderm ments, but disappeared rapidly from the mesoderm-defipatterns gene expression in the midgut endoderm (Immercient portions of the gut wall. However, the absence of celglü ck et al., 1990; Panganiban et al., 1990 ; Affolter et al., lular debris or obvious phagocytes in the mesoderm-defi-1993) by means of the growth factor decapentaplegic (dpp), cient regions argues against secondary degeneration and and the foregut endoderm regulates dpp expression in the suggests that cellular endoderm was probably never formed visceral mesoderm by means of the hedgehog signaling at those sites.
pathway (Pancratz and Hoch, 1995) . Given that the absence of mesoderm prevents the forma-
The interactions of mesoderm and endoderm in the leech tion of a persistent endodermal cell layer, the experiments embryo differ in two significant regards from those dedescribed in this paper do not allow us to assess whether scribed in other systems. First, the leech endoderm requires mesoderm actually patterns Lox3 expression once the endoapposed mesoderm for the initial formation of the endoderderm has formed. Our observation that the segmental perimal epithelium, whereas the role of mesoderm in other odicity and regionality of Lox3 expression are essentially systems has been described as promoting or selecting benormal in segments surrounding an endodermal deficit sugtween alternative pathways of endodermal cytodifferentiagests that segmental patterning is not primarily dependent tion. Even in another annelid, the oligochaete Eisenia, ablaupon lateral signals transmitted within the plane of the tion of the mesoderm allows the associated endoderm to endoderm. It would seem more likely that the Lox3 expresform the gut lining and merely prevents the endoderm from sion pattern is due to ''vertical'' signals of mesodermal oridifferentiating into region-specific gut specializations (Devgin or else reflects a prepattern intrinsic to the endoderm riè s, 1974). In glossiphoniid leeches such as Helobdella, the at the time of its formation.
endoderm cellularizes beneath a layer of mesoderm that has already undergone extensive cell proliferation and morphogenesis (Zackson, 1982) , and given this temporal disparity
Interactions between Germ Layers
it is not altogether surprising that these animals have evolved a mechanism of endoderm formation that has a It is interesting to compare and contrast the interactions greater dependence on mesoderm-derived cues. of the leech mesoderm with each of its two apposed germ The leech's endoderm is also distinguished from that of layers. In both Helobdella and another glossiphoniid leech, either vertebrates or insects in that it manifests an overtly Theromyzon rude, it has been shown that ablation of the segmental pattern of molecular differentiation (Nardellimesoderm severely disrupts patterns of neuroblast migraHaefliger and Shankland, 1993; also, see Fig. 2 ). In Drosophtion, ganglion formation, and axonal pathfinding (Blair, ila, the signals that regionalize the endoderm have a seg-1982; Torrence et al., 1989; Torrence, 1991) . Thus, mesomentally organized derivation from the visceral mesoderm, derm provides ectoderm with an obligatory guidance subbut the endoderm itself is not known to exhibit any sort of strate for a variety of organized cell movements. But despite overt segmental periodicity. Lox3 is a member of a gene these morphogenetic abnormalities, ectoderm that has been family for which no representative has yet been identified deprived of mesoderm undergoes segmentally iterated and in Drosophila. But the leech's Lox10 gene also shows a lineage-specific patterns of cell division (Zackson, 1984) , segmentally striped pattern of endodermal expression (Narand ectodermal derivatives undergo terminal differentiation delli-Haefliger and , and its Drosophila orto form uniquely identifiable neuronal phenotypes resemthologue (NK-2) has no reported periodicity of midgut exbling those seen in normal embryos (Torrence et al., 1989; pression (Nirenberg et al., 1995) . Thus, the endoderm of the leech has acquired a degree of segmental organization not Martindale and Shankland, 1990) . Only one ectodermal deevident in many other animals, possibly by altering the rivative-the distal tubule cell of the nephridium-has spatial deployment of the molecular pathways used in been shown to explicitly require mesoderm for its continmesoderm-endoderm interaction. ued survival (Martindale and Shankland, 1988) .
Thus, the ectoderm and endoderm of the leech embryo
